Issues associated with modeling of quantum devices within the framework of the transient Wigner equation are addressed. Of particular importance is the structure of the Wigner function, hysteresis, and device switching time, whose value is determined by the large signal device properties.
INTRODUCTION
Numerical simulation of quantum devices is a noble pursuit, with a primary advantage in transient studies. For while the operating principles of quantum devices are often ascertained with relatively simple approximations and analytical studies provide insight into the tunneling times, the details associated with non-uniform fields, scattering, very short time scales, noise contributions, and large signal device-circuit interactions, require simulation. Given this, what is the best approach to studying transients?
The best approach should be ascertained pragmatically; constrained by how much can be done in an acceptable period of time, and the knowledge base. In the past the approach we have taken [1] has included: (i) studies of the quantum hydrodynamic equations, (ii) the density matrix in the coordinate representation, and (iii) the Wigner distribution function [2] . Of the three the weakest is the quantum hydrodynamics derived as quantum corrections [3] .
The discussion of this document concerns the efficacy of Wigner equation simulations for the design of transient quantum devices; specifically, high frequency low phase-noise clocks, the stage set by recent experiments [4] . The 
In Eq. (2) 
The relaxation time approximation in the above form leads to source and sink terms in the continuity equation. To avoid sink terms others [10] have multiplied the equilibrium distribution function by the ratio of the non-equilibrium carrier density to the equilibrium carrier density.
We have done both, but will confine ourselves to that represented by Eq. (3) . [2] . In a supplementary calculation with a device length of 100nm, and the same number of spatial and momentum grid points, the reduction in length resulted in an increased range for the momentum wave vector and a corresponding increase in the spatial resolution. While this calculation did not display flat-band conditions at the boundaries, the calculation, which consisted of two barriers and an interior quantum well, displayed negative conductance, but did not sustain an obvious numerical noise in the Wignev distribution. Subsequent calculations with single barriers within a 200 nm structure, with increased momentum range and increased spatial resolution showed a corresponding decrease in Wigner distribution noise.
TRANSIENT DEVICE SIMULATIONS
In the design of high frequency clocks we are interested in the repetitive nature of the device response. That is how long does it take the device to relax prior to a re-interrogation. Is this number a function of bias and of switching range? If the answer is yes then simple descriptions of switching times are irrelevant. What we did was subject the RTD to a time dependent change in voltage. decreased and increased at a controlled rate, as is the dwell time.
The response of the device to this change in voltage is shown in Figure 2 , which displays the voltage change as well as the current response at one of the contracts. Because we have dissipation within the device current continuity does not imply current that is independent of position throughout the device. The current displayed in Figure 2 consists of two components, a particle current and a displacement current. The displacement current contributions arise from local changes in the electric field in the heavily doped regions at the boundaries. When the system relaxes toward equilibrium these displacement current contribu- Figure 3 , where the transient voltage pulse differs from that of Figure 2 in the dwell time. It would appear from this calculation that the current relaxes in under 0.75 ps. These results speak to the switching time of the device, but not to whether this device will result in sustained oscillations at the shorter period excitation. Here as in the case of relaxation oscillations in space charge dominated classical devices, sustained oscillations are likely to depend upon the ability of the circuit to quench any incipient space charge effects.
The switching properties of the RTD are expected to depend not only on the dwell time but also on the voltage swings. For example in another calculation (Fig. 4) , starting from the same initial voltage level but going down to a voltage level of approximately 400meV, the carriers appear to relax to steady state in a time close to 500 fs, which is shorter than that realized above. Also notice that the rise time for this calculation was shorter than for the Figure 3 calculation, resulting in a higher displacement FIGURE 2 Voltage pulse and subsequent current response.
FIGURE 3 As in Figure 2 , but with a longer dwell time. current contribution. This more rapid relaxation is likely to be a consequence of more rapidly removing the charge that built up in the quantum well. These calculations indicate that the measure of a quantum device switching time is also function of the device environment.
While the key issue is the interaction of the device with its external circuit we have begun to study the interaction of the device with a sinusoidal input. Others have done this as well [11] . To date we have done this only for a single barrier device, and one for which there are an insufficient number of grid points. But it is because it highlights the advantages of performing simulations in which there isn't a contact preference. These results are displayed in Figure 5 , which displays the Wigner function, because it highlights the advantages of performing simulations in which there isn't a contact preference. These results are displayed in Figure 5 , which displays the Wigner function at two instants of time for a structure subject to a sinusoidal change in voltage with a period of approximately classically, with the quantum features determining the actual distribution of charge, along with quantum interference effects as represented by the momentum dependent structure in the Wigner function.
